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We experimentally observed the Mollow quintuplet (MQ) in F = 3/2 hyperfine structure state of
3He atoms. The metastability-exchange collisions (MECs) transfer the Mollow Triplet (MT) from
the ground states of 3He atoms to the metastable states, and the MQ is demonstrated by four
Zeeman levels of F = 3/2 hyperfine states with linearly polarized light. The similar effect also
achieves in the mixture cell of 3He and 4He.
The interaction between light and materials is an im-
portant research area of quantum system. The Fermi
Golden Rule describes the weak coupling between the
light and atoms, which reveals the transition between
the energy eigenstates of atoms [1]. Mollow triplet (MT)
is described as that two-level atoms are driven by strong
coherent field in free space [2], which reveals the change
from singlet spectrum to the triplet. MT of resonant light
scattering was achieved in the atomic beam of sodium
[3], quantum dot [4], silicon vacancy of diamond [5],
and superconducting circuits [6]. The ratio of center
peak and sidebands of MT is influenced by coherence
[7] or collisions [8]. The quintuplet spectrum has been
reported in three different systems. The first one is
three-level atoms coupled with two high-intensity reso-
nant laser beam sharing a common level [9], the second
one is two-level atoms coupled with bimodality cavity
[10], and the third one is the resonance fluorescence spec-
trum of quantum dots system [11]. The so-called Mollow
quintuplet (MQ) is modeled by summing Mollow triplets
(MTs) of two natural excitons polarized in orthogonal
direction of quantum dot with the same laser [12], and
furthermore two modified MTs can induce the Mollow
nonuplets (MNs) in two coupled quantum dots system at
strong exchange regime [13].
In this letter we observe the MQ in F = 3/2 hyperfine
structure state of 3He atoms by detection with linearly
polarized light, and the experimental results indicate to
the alignment effect with a different physical process from
that mentioned before. We use a RF field to drive the
ground state 11S0, and the MT is induced in mI = +1/2
and mI = −1/2 states, according to the energy-level di-
agram of 3He atoms shown in Fig. 1. The metastability-
exchange collisions (MECs) can transfer the MT from the
ground states to F = 1/2 metastable states [14], and the
transferred MT also induced the further MQ in F = 3/2
metastable states. The experimental results reveal that
the MQ effect is related the higher order spin quantum
number state and the detection with linearly polarized
light.
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FIG. 1. The energy-level diagram of 3He atoms (not in scale).
11S0, 2
3S1, 2
3P0 are the ground state, metastable state, ex-
cited state, respectively. The metastable state contains two
hyperfine states, F = 1/2 and F = 3/2, each of which is
split into 2 or 4 Zeeman sublevels in a static magnetic field
B0. The blue line indicates the metastability exchange colli-
sions (MECs) between 11S0 and 2
3S1. The interval depends
on the gyromagnetic ratio, i.e. γg = 3.2 kHz/G for ground
state, γµ = 3.8 MHz/G and γµ′ = 1.9 MHz/G for F = 1/2,
F = 3/2, respectively [15]. The green line indicates the RF
discharge to generate 23S1 atoms. The red line indicates the
optical transition C8 between the 2
3S1 and 2
3P0 states with
the vacuum wavelength 1083.353 nm, which is used for optical
pumping and probing [17].
The experimental setup is shown in Fig. 2 and we use
the two lasers to pump and detect F = 3/2 hyperfine
states of metastable states, respectively. Both the pump
(laser 1) and the probe (laser 2) beams are from laser
source (NKT Photonics Y10), and the pump beam is
power-enhanced by the a laser amplifier (LEA Photon-
ics MLXX-EYFA-CW-SLM-P-TKS). The pump (probe)
beam propagates along z (x) axis and has the power of
15 W (0.3 mW) with 1/e2 waist diameter of about 20 mm
(1 mm). The pump beam keeps the circularly polarized
before entering 3He atomic cell, and the probe beam is
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FIG. 2. The experimental setup for the MQ measurement in
3He atoms. PBS: Polarization Beam Splitter, QWP: Quarter
Wave Plate, HWP: Half Wave Plate, BE: Beam Expander,
BT: Beam Trap, PD: Photo Detector.
a.1 a.2
b.1 b.2
FIG. 3. The frequency spectrum by detection with different
optical polarization and different hyperfine structure states.
Figures in first (second) row are detected by C8 (C9) line, and
figures in left (right) column are detected by circularly (lin-
early) polarized light. The black squares are the experimental
data, and the red lines are the fitting curves.
circularly or linearly polarized to observe the orientation
and alignment effect of the F = 3/2 metastable states.
The home-made pure 3He (pressure: 0.6 Torr) cylindri-
cal atomic cell (size: φ50×L70 mm3 ) is located in the
seven-layer magnetic shield, and is excited by a radio-
frequency power source (50 MHz, 0.8 W) to continuously
discharge and generate the metastable-state atoms. The
solenoid generates the static magnetic field B0 along z,
and a set of helmholtz coil generates the oscillating mag-
netic field BM along y. The digital processing system
includes the PXI-4461 and PXI-4462 (resolution: 24-Bit,
sampling rate: 204.8 kS/s) of the National Instruments,
which is used for controlling the helmholtz coil and signal
acquisition.
Figure 3 manifests the MT and MQ spectra by detec-
tion of different optical polarization and different hyper-
fine structure states. The first row of the Fig. 3 shows
the detection with C8 line, while the second row shows
the C9 ones. The pumping beam keeps the circularly
polarized light, and the Fig. 3(a.1 and b.1) shows the cir-
cularly polarized probe while Fig. 3(a.2 and b.2) shows
the linearly polarized probe. Comparing each figure in
Fig. 3, the MT appears by the detection with circularly
polarized light no matter which hyperfine structure state
is probed, while the MQ appears by the linearly polar-
ized probe and only in F = 3/2 hyperfine structure state.
Notice that the center frequency of the MT and MQ sig-
nal is the Larmor frequency of the ground state. We
have reported a MT signal of ground state can be trans-
ferred through metastability exchange collisions (MECs)
to the metastable states, which reveals that the signal of
Fig. 3 (b.1) is the transferred MT of ground state. The
different polarized probe beam indicates that the orienta-
tion and alignment effect of the metastable states atoms
may be related to the MT and MQ signal, respectively.
The circularly polarized pump beam (in z axis) and
linearly polarized probe beam (in x axis) continuously
interact with the atoms, and the frequency of oscillating
magnetic field (in y axis) is set as ω = ωg. The direc-
tion of the polarization is rotated in y-z plane shown in
Fig. 4(a), and the parameter θ is defined as the angle
between the polarization and y axis. Changing θ, the
MQ signals will disappear at θ = 0, 90 (perpendicular or
parallel the static magnetic field B0) shown in Fig. 4(b).
The detailed relationship between MQ signal and direc-
tion of linearly polarized light is shown in Fig. 4(c), which
shows the amplitude of MQ each peaks is changed simul-
taneously with θ, and the maximum of the amplitude
appears at the condition θ = 45, 135. Focusing on the
amplitude of center peak, the relationship with θ is shown
in Fig. 4(d). The experimental data (black squares) are
corresponding to the function sin(2θ).
With changing both the amplitude and frequency of
oscillating magnetic field at the condition θ = 45, the
MQ signals are shown in Fig. 5. The interval of each
peak is the Rabi frequency ΩR, and the first order side-
bands and second order sidebands appear together with
changing the amplitude of oscillating magnetic field. ΩR
approximately behaves linearly with changing the ampli-
tude of the resonant oscillating magnetic field BM , which
accords with ΩR = (1/2)γ0BM and indicates a method
of measuring the amplitude for the oscillating magnetic
field. Figure 5(b) shows the center peak and the first side-
bands changing like MT signal with changing frequency
ωM of oscillating field, and the second order sidebands
only appears at the ωM ≈ ωL. The small sidebands near
center peak appearing at the far detuning condition still
need further researches.
Depending on the experimental results, an possible
explanation of the Mollow quintuplet manifests here.
The physical picture of MT has been described as the
dressed atom [16], and the MT transfer from the ground
state to F = 1/2 metastable state has been reported
[14]. The oscillating magnetic field drives the ground-
state coherence of two Zeeman energy eigenstates or
bare states |↑〉g and |↓〉g. The new energy eigenstates
or a series of dressed states are formed as the super-
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FIG. 4. The relationship between the MQ signal and direction of linearly polarized light. Figure(a) shows θ is the angle
between the polarization of linearly polarized light and y axis. Figures (b) and (c) show the MQ signals in different theta. The
black squares and red curve are experimental data and sin(2θ) function in Fig.(d). The amplitude of static magnetic field is
5×104 nT.
position states |+,N〉g= (1/
√
2)(|↓,n〉g+|↑,n − 1〉g) and
|−,N〉g= (1/
√
2)(|↓,n〉g−|↑,n−1〉g), where n is the quan-
tum number of oscillating field, |↑,n〉g (|↓,n〉g) is the di-
rect product state of atoms and the oscillating field and
N is the total number of the excitations in the system.
Note that the energy interval ~ΩR = (1/2)~γgBM, where
BM is the amplitude of the oscillating magnetic field.
The MT can be transferred from the ground state to the
metastable states has been reported, which reveals that
the MECs between the dressed ground state and the un-
dressed metastable states is a linear effect of the first
order tensors of the density matrix J+ and J−. Further-
more, the MECs between the dressed ground state and
the dressed metastable states create higher order non-
linear effect, and the MQ is the second order tensors of
the density matrix like J+Jz and J−Jz. The second order
tensors J+Jz and J−Jz include two transitions, which are
between ∆N = 1 and ∆N = 0 dressed states. The two
transitions happen continuously, like that the Rabi oscil-
lation modulates the MT, which change the frequencies of
MT to the ω+±ΩR, ωg±ΩR and ω−±ΩR. The spectrum
of the effect contain five frequencies ωg + 2ΩR, ωg + ΩR,
ωg, ωg − ΩR and ωg − 2ΩR called Mollow quintuplet. In
order to verify the explanation, the experimental results
of 3He-4He hybrid cell is show in Fig. 6. The metastable
state of 4He has three Zeeman states whose alignment ef-
fect also can be detected by linearly polarized light, and
the spectrum gives a MQ signal.
We have observed the MQ signal in F = 3/2 hyperfine
structure state of 3He atoms by detecting with linearly
polarized light tuned to C9 line. Comparing the MT and
MQ signal at different polarization and center frequency
of probe light, we give an possible explanation for
MQ is related to the alignment of 3He atoms, and the
experimental results of 3He-4He hybrid cell give more
evidence for the explanation. The difference between
the MT and MQ signal reveals the demand of a new
model for the MECs. The existing models of quintuplet
spectrum are three levels system coupled two strong
laser, two levels system coupled bimodality cavity, and
two orthogonal polarization coupled one strong laser,
but they cannot describe our experiments. We only give
a phenomenological description to explain the generation
of MQ, and the further theory needs more research.
The frequency interval of the sidebands is linear with
the amplitude of the resonant oscillating magnetic field,
which satisfies ~ΩR = (1/2)~γgBM, and indicates the
possible method of measuring the amplitude of the
oscillating magnetic field.
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FIG. 5. Dependence of FFT spectrum on changing the
amplitude (a) and frequency (b) of the oscillating magnetic
field for experiment. The amplitude of oscillating magnetic
field in is about 3000 nT, and the frequency of the oscillating
magnetic field is at about 1.30 kHz.
a b
FIG. 6. The frequency spectrum of detection by different
optical polarization with D0 line of
4He. The detections by
circular polarized light and linearly polarized light are shown
in (a) and (b), respectively. The black squares are the exper-
imental data, and the red lines are the fitting curves.
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